We propose an optical code division multiple-access ͑OCDMA͒ system that uses in-fiber chirped moiré gratings ͑CMG's͒ for encoding and decoding of broadband pulses. In reflection the wavelength-selective and dispersive nature of CMG's can be used to implement wavelength-encoding͞temporal-spreading OCDMA. We give examples of codes designed around the constraints imposed by the encoding devices and present numerical simulations that demonstrate the proposed concept.
Introduction
Optical code division multiple-access ͑OCDMA͒ is of interest as a multiaccess technique in local area networks, since it potentially allows many users to share a single transmission medium asynchronously. Among its other attractive characteristics are the potential for increased security, high capacity, and less stringent wavelength control compared with wavelength-division-multiplexed systems. 1, 2 Bits of information are transmitted with optical pulses: a 1 ͑0͒ bit is represented by the presence ͑absence͒ of an optical pulse. The signals transmitted by different users, which are broadcast simultaneously to all the receivers in the network, are encoded into different wave forms, or code sequences, which represent address information. At the receivers a matched filter or decoder is used to ensure that data are detected only when they have arrived at the proper destination. Multiple access is achieved by assignment of minimally interfering codes to each user pair.
Recently there have been several proposals for using in-fiber Bragg gratings to implement OCDMA. For example, cascaded and binarysampled gratings have been used in frequencyhopping and direct-sequence CDMA schemes. [3] [4] [5] [6] [7] In this paper we show how in-fiber chirped moiré gratings ͑CMG's͒ can also be used as encoding and decoding elements to implement wavelengthencoding͞temporal-spreading OCDMA. Our proposed scheme differs from other wavelengthhopping͞temporal-spreading implementations 6 -8 in that no rapidly tunable source is required for providing the wavelength encoding ͑the wavelengths are instead provided by a broadband input͒, and only a single grating structure ͑rather than cascaded gratings͒ is needed for encoding and decoding.
This paper is organized as follows. In Section 2 we qualitatively describe how CMG's can be used to encode and decode optical pulses and provide a numerical simulation example that demonstrates the concept. In Section 3 we present the design of suitable codes that take into account the constraints imposed by the CMG encoding devices and numerically evaluate the performance of the system in terms of the probability of error. In Section 4 we discuss the various practical issues that are relevant to our proposed system, and finally in Section 5 we summarize our results and conclude.
Chirped Moiré Gratings for Encoding and Decoding

A. Qualitative Description
A CMG consists of two superimposed linearly chirped Bragg gratings. 9 -11 The refractive-index modulation that represents the grating can be written as 10 n͑z͒ ϭ n 0 ϩ ␦n cos ͩ 2z
where n 0 is the average refractive index of the unmodified fiber; ␦n is the peak refractive index modulation; ⌬n͑ z͒ ϭ ␦n cos͑2z͞⌳ c ͒; ⌳ c ϭ 2͓͉1͞⌳ 1 Ϫ 1͞⌳ 2 ͉͔ Ϫ1 and ⌳ s ϭ 2͓1͞⌳ 1 ϩ 1͞⌳ 2 ͔ Ϫ1 are the period of the slowly varying envelope and the rapidly varying component of the grating, respectively; and ⌳ 1 and ⌳ 2 are the periods of the superimposed gratings, each varying linearly as a function of position:
There are crossover points of the beat in the grating fringe pattern where the phase of the grating changes by , with each producing a passband in the transmission response. 11 The multiple passbands can also be interpreted as FabryPerot resonances of the two mirrors formed by the two superimposed gratings. 10 Obviously, these passbands have the effect of creating spectrally separated stop bands in reflection. Figure 1͑a͒ shows the calculated spectral response of a 3-cm-long CMG with ␦n ϭ 8.0 ϫ 10 Ϫ4 , 1 ϭ 2n 0 ⌳ 1 0 ϭ 1550.0 nm, 2 ϭ 2n 0 ⌳ 2 0 ϭ 1550.2 nm, and equal chirp parameters for both gratings ␦⌳ 1 ϭ ␦⌳ 2 ϭ 5.0 ϫ 10 Ϫ14 nm 2 ͞m. This CMG has seven reflection stop bands. Of greater interest is the corresponding reflected group delay, shown in Fig. 1͑b͒ . Since the relationship between reflected wavelengths and time is linear ͑owing to the linear chirp in the gratings͒, each stop band is reflected in its own time slot. A CMG in reflection can then be used to decompose a short broadband ͑input͒ pulse simultaneously in both wavelength and time domains; its functionality is similar to that of cascaded gratings in terms of encoding operations. 3, 4, 6 The physically reversed CMG structure has the same reflectivity ͑spectral response͒. 4, 12 The reversed grating structure also has, to first order, opposite reflected group delay as shown in Fig. 1͑c͒ ͑this principle has been demonstrated 13 in an experiment in which pulses were broadened and recompressed by bidirectional reflection from a linearly chirped in-fiber Bragg grating͒. We can thus envision encoding and decoding broadband pulses by successive reflections from a CMG ͑encoding͒ and its physically reversed structure ͑decoding͒.
A CMG can be modeled as a multiwavelength filter, or as a set of w Յ N discrete wavelength filters, with corresponding time delay lines for each filtered wavelength component ͑w and N are defined in the next paragraph͒. It serves two functions in the encoding and decoding processes as illustrated in Fig. 2 . First, by selectively filtering wavelength components of the input pulse ͑i.e., spectral slicing͒, it performs ͞m; ͑b͒ corresponding reflected group delay of the CMG and ͑c͒ its physically reversed structure. The spikes in the group delay occur where the phase of the reflection coefficient changes by . wavelength encoding, and second, by temporally arranging these spectral components in a linear fashion, it performs temporal spreading. If the decoder is the physically reversed structure of the encoder, then the filtering operations are identical and the temporal arrangements of the wavelength components are complementary so that proper decoding can be achieved. To perform proper decoding, the decoder must recover all of the wavelengths of the encoded signal into the same time slot, i.e., despread the signal. Note that the original input pulse will not be fully reconstructed, since we performed spectral slicing ͑i.e., eliminated spectral contents from the pulse͒. However, properly and improperly decoded signals can be distinguished on the basis of peak intensities, especially within the time slot where all of the wavelengths of the properly decoded signal are recovered.
A given CMG has N spectrally separate reflection stop bands centered at i ͑i ϭ 1, . . . , N͒, which occupy N time slots ͑or chips͒, each with a duration T c Ϸ T͞N where T is the round-trip propagation time through the CMG ͑and would correspond to the bit window͒. The physical structure and response ͑spectral and temporal͒ of a CMG define a corresponding code; thus the code has a length equal to N. Since the wavelengths are reflected sequentially in time, because of the linear relationship between reflected wavelengths and time, a CMG, such as that described in Fig. 1 , defines only one code with a weight w ϭ N, where the weight corresponds to the number of pulses in the coded wave form ͑and equivalently, to the number of wavelengths or spectral slices͒. It is possible to modify the spectral response of a CMG to choose only q of the available N reflection stop bands ͑wavelengths͒ for one code so that w ϭ q Ͻ N. We can accomplish this by selectively eliminating stop bands from the CMG response by incorporating regions within the grating structure where there is no refractive-index modulation. 14,15 Essentially, we are defining different spectral slicing ͑wavelength-encoding͒ patterns that would correspond to different codes. The code length is still N as defined by the number of time slots that correspond to the original CMG; however, N Ϫ w of the entries in the code are 0 ͑no signal͒, and the w nonzero entries correspond to the wavelengths of retained stop bands. We can then define a maximum of m ϭ N͞q ϭ N͞w codes that are strictly orthogonal ͑i.e., the codes have no spectral overlap͒, where • denotes the integer part of the argument. To generate additional codes, the strictly orthogonal codes that we define can be simply wavelength shifted. These new codes are only quasi orthogonal, since there may be some spectral overlap between the shifted and the original codes. In the above, strictly orthogonal codes refer to those that are strictly noninterfering ͑the codes have a cross correlation that is identically 0͒ and quasi-orthogonal codes are those that are minimally interfering ͑the codes have specific cross-correlation properties that are defined in Subsection 3.B͒.
B. Implementation of Chirped Moiré Grating Encoders-Decoders in an Optical Code Division
Multiple-Access System Figure 3 illustrates one possible implementation of an OCDMA network which uses CMG's as encodersdecoders. Each transmitter comprises a broadband source ͑mode-locked laser, gain-switched laser diode, amplified spontaneous emission from an erbiumdoped fiber amplifier, and so on͒, a modulator, and a CMG encoder; each receiver comprises a CMG decoder and a detection unit ͑photodiode, threshold electronics, and so on͒. A given user pair i communicates over the network as follows. The data string is modulated onto the output of the broadband source, giving a string of pulses ͑bits͒ that are then reflected from the CMG encoder. The encoded signal is then broadcast to all receivers in the network by means of a star coupler. Following the decoding and the threshold detection processes, only the desired receiver that has the proper CMG decoder ͑i.e., the physically reversed structure of the CMG encoder͒ will be able to recover the information sent. Note that all the encoding and decoding operations are performed in-fiber.
C. Numerical Example
We now consider a concrete example that illustrates encoding and both proper and improper decoding processes. Let N ϭ 7 and w ϭ 3. We can define at most two strictly orthogonal codes, for example, c 1 ϭ ͓0,2,3,0,0,6,0͔ and c 2 ϭ ͓1,0,0,4,0,0,7͔. We can also define quasi-orthogonal codes that are wavelengthshifted versions of c 1 and c 2 , one of which is c 3 ϭ ͓0,1,2,0,0,5,0͔. The encoded and the decoded wave forms for a user with code c j are denoted as c j enc ͑t͒ and c j dec ͑t͒, respectively. Figure 4͑a͒ shows the spectral responses of three CMG's that generate the three codes c 1 , c 2 , and c 3 ͑in the codes, 1 corresponds to the stop band centered at Ϸ1550.9 nm, and so on͒. These three CMG's have the same parameters ͑length, peak index modulation, difference in central periods or wavelengths of the two superimposed grat- Fig. 3 . Implementation of CMG encoders-decoders in an OCDMA system. ings͒ as in Fig. 1 except that they incorporate regions of no refractive-index modulation within the grating structure to obtain the desired spectral response by suppressing selected stop bands. Specifically, the CMG for c 1 has three regions of lengths 0.5, 1.0, and 0.5 cm centered at z ϭ 0.25, 1.75, and 2.75 cm, respectively, where there is no index modulation; the CMG for c 2 has two regions of equal length, 0.75 cm centered at z ϭ 0.875 and 2.125 cm where there is no index modulation; and the CMG for c 3 is identical to that for c 1 except for different grating periods that shift the wavelengths. Figure 4͑b͒ shows the wave forms that correspond to the different codes, assuming a transform-limited 0.5-ps Gaussian pulse at ϭ 1554.25 nm as the input. Note that codes c 1 
similar results will be obtained if any incoherent pulsed broadband source ͑rather than the transformlimited pulse͒ is used, except that there will be a decrease in the peak of the signals, since the energy will be more spread in the time slots ͑because there is no coherent interference͒.
The number of codes ͑users͒ that can be supported is determined primarily by the value of N and can vary from 1 to greater than N. Furthermore, we can design L and N such that T c ϭ T͞N ϭ ͑2Ln 0 ͒͑͞Nc͒, where c is the speed of light, will be sufficiently long to allow for the time gating to be performed electronically. We have more to say about the use of time gating in Section 4.
Code Design and Performance
A. Design
Assume that the N reflection stop bands of a given CMG occupy the range ͓ min , max ͔, which spans the entire bandwidth ͑BW͒ of the broadband input pulse, i.e., ͓ min , max ͔ ϭ ͓ min pulse , max pulse ͔. In the following notation the wavelengths represent the central wavelengths of the stop bands. We can then write max ϭ min ϩ ͑N Ϫ 1͒⌬, where ⌬ is the BW of a stop band. If we measure wavelength in units of ⌬ so that in these normalized units ⌬ ϭ 1, then max ϭ min ϩ ͑N Ϫ 1͒. As mentioned earlier, we can choose to define m ͑Յm ϭ N͞w͒ codes that use only w of the available N stop bands, ͑i.e., a code of length N with a weight of w͒. These strictly orthogonal codes define m temporal-spreading patterns coupled to m wavelength-encoding patterns. We refer to them as the original m codes. Note that the combined wavelength-selective and dispersive natures of the CMG's are responsible for coupling the temporalspreading and the wavelength-encoding patterns. They are not independent.
Additional codes can be obtained by wavelengthshifting of the original m codes: All the wavelengths in each of the m time-spreading patterns are simply shifted by n⌬ ϭ n, an integer multiple of the BW of a stop band. This can be accomplished physically by strain or compression tuning of the m CMG structures that correspond to the original m codes. Since we have assumed that the N stop bands span the entire pulse BW, the new wavelengths in the shifted codes must still lie in the range ͓ min , max ͔. Let the w wavelengths for a given code c j occupy ͓ min 
We now need to specify the original m timespreading patterns ͑or codes͒. Simple combinatorial analysis shows that there are a total of
from which to choose these m codes. 16 Multiuser interference is controlled by the cross correlation of the code sequences. To minimize the interference, the codes should have a maximum ͑Hamming͒ crosscorrelation peak ͑defined in Subsection 3.B͒ equal to 1 ͑so-called one-coincidence sequences͒ 17 ; thus certain restrictions on the initial choices need to be im- Note that the first requirement is inherently contained in the second. Clearly then, the number of available codes from which the original m codes can be chosen is less than that given in Eq. ͑2͒. We propose the following algorithm to choose the original m codes:
1. Choose a code c j from at most ͑N Ϫ kw͉w͒ possible codes ͑k ϭ j Ϫ 1͒.
2. Eliminate from the remaining possible codes those with a single wavelength already used in existing codes c 1 , c 2 , . . . , c j .
3. Eliminate from the remaining possible codes those with similar time-spreading patterns or the same number of time slots between consecutive wavelengths ͑unless wavelength shifting cannot produce a cross correlation of Ͼ1͒ as in the existing codes c 1 , c 2 , . . . , c j . 4. Repeat the above until there are no remaining codes.
The choice of the codes is not unique, and in some cases the maximum number m ϭ N͞w cannot be achieved, i.e., m Ͻ m . However, the generated codes, in addition to their wavelength-shifted versions, will satisfy the properties of ͑i͒ a single autocorrelation peak ͑no sidelobes͒ and ͑ii͒ a maximum cross-correlation peak of 1.
B. Performance
We now consider a matched-filter receiver and analyze the system performance in terms of multiuser interference ͑but neglecting all other sources of noise͒ as a function of the number of simultaneous users ͑K͒. The following analysis is only approximate and is based on the following assumptions: ͑1͒ perfect time slot ͑chip͒ synchronization between all interfering users, ͑2͒ ideal rectangular-shaped temporal pulses and spectral slices for the encoded and the decoded signals, ͑3͒ incoherent superposition of multiuser interference ͑a pulsed broadband source is used as the input to the encoders͒, ͑4͒ a Gaussian distribution for multiuser interference, and ͑5͒ the variance of multiuser interference, 2 , is approximated by the variance of the amplitude of the cross correlation of ͑K Ϫ 1͒ uncorrelated users, 6 2
where i, j 2 is the average value of the variance of the cross correlation between pairs of codes c i and c j given in terms of the Hamming cross correlation 17 :
where With the above assumptions and with the optimum detection threshold ␥ ϭ w͞2 ϩ , where is the average value of the multiuser interference with corresponding variance 2 given in Eq. ͑3͒, the signalto-interference ratio ͑SIR͒ and probability of error P error are SIR ϭ w
respectively, where
ͪ . Figure 6 shows P error , calculated with Eqs. ͑3͒-͑5͒, as a function of the number of simultaneous users for two cases: ͑N ϭ 12, w ϭ 3, m ϭ 3͒ and ͑N ϭ 15, w ϭ 3, m ϭ 3͒. The corresponding original m codes and the maximum number of available codes ͓obtained with Eq. ͑1͔͒ for each case are given in Table 1 ͑recall that, once the original m codes are specified, all the codes can be defined͒. The trends in the results are similar, even when the original m codes are changed, and, in particular, we observe the following. For a fixed w and m, increasing N obviously results in a larger number of available codes and, more importantly, in a lower P error for the same number of simultaneous users. For a fixed N, increasing w potentially increases the SIR and hence reduces Fig. 6 . P error as a function of number simultaneous users. Table 1 P error ; however, it will be more difficult to obtain the maximum number of original m codes, since the restrictions imposed greatly reduce the number of available codes for selection. We also considered the case in which ͑N ϭ 21, w ϭ 3, m ϭ 6͒ and found that the system could support K ϭ 48 users at P error ϭ 10 Ϫ9 ͑the original m codes are also given in Table 1͒ . Finally, for the same N and w, the maximum number of available codes and their performance are comparable with, if not better than, previously proposed codes for wavelength-encoding͞temporal-spreading OCDMA systems. 8, 18 Again we note that the above results are only approximate and are based on a first-order analysis. In real systems the encoded and the decoded signals will depend on the temporal reflection and the spectral responses of the CMG's and, in general, are not rectangular ͑see Figs. 4 and 5͒. The nonideal spectral slices can increase multiuser interference in the form of cross talk, thereby decreasing the SIR. Also, in a purely asynchronous system, perfect slot synchronization among the different users is not maintained. Thus the cross-correlation peaks will decrease, because of imperfect temporal overlap of the pulses, and in this case the variance of multiuser interference will be less than for a slot synchronous case. 6 Finally, as with most other publications in this field, we calculated the SIR, using average variances for multiuser interference ͓Eq. ͑3͔͒. In fact, the variance depends on the sequence pairs under consideration and, in extreme cases, the corresponding performance can be far from average. A more accurate estimation of P error would involve a Monte Carlo simulation; however, that is beyond the scope of the present analysis.
Discussion
In this section we discuss the various practical aspects that are relevant to our proposed system.
A. Fabrication of Specially Designed Chirped Moiré Gratings
The first practical aspect we consider is the realization and fabrication of CMG's with specially designed spectral characteristics ͑i.e., the ability to suppress selected stop bands͒. Previously, CMG's were difficult to fabricate with good performance characteristics; however, the numerous advances in grating fabrication technology should help us overcome this problem. In fact the technique of fabricating CMG's with dual exposure of a single linearly chirped phase mask has yielded good results. 11 We adopted this technique and included the use of amplitude masks in the exposure processes to tailor the spectral characteristics of the CMG's and obtained excellent agreement between measured and simulated results. 15 Furthermore, there have been recent reports on the fabrication of very long ͑1-m-long͒ CMG structures by use of the scanning-fiber͞phase-mask technique. 19 These experimental successes show the feasibility of obtaining CMG's with good performance characteristics. Finally, we note that for an individual user bit rate at the optical carrier standard of OC-3 ͑OC-12͒ of 155.52 Mbit͞s ͑622.08 Mbit͞s͒ the corresponding bit window is Ϸ6.43 ns ͑1.61 ns͒. To encode a signal so that it occupies this time requires a CMG approximately 67 cm ͑17 cm͒ long, assuming a fiber index of 1.45-well within the available technology.
B. Chromatic Fiber Dispersion
The second issue deals with chromatic fiber dispersion ͑CFD͒. Without proper compensation CFD is known to be a detrimental problem in optical communication systems that require long distances of propagation or high speeds of operation ͑which require the use of short optical pulses͒. CFD can also be a significant problem in OCDMA systems that use broadband sources, especially those based on phase encoding of ultrashort optical pulses. 20 These systems distinguish properly and improperly decoded signals on the basis of whether or not the ultrashort optical input pulse is fully reconstructed or remains a pseudorandom noise burst. In this type of OCDMA system, the phases of all wavelength components must be accounted for and the effects of CFD must be included. Otherwise, if CFD is not compensated, the ultrashort pulses cannot be reconstructed properly.
Our proposed system does not require the use of coherent pulses, and even if they were used, we are not attempting to reconstruct the pulses ͑the fact that we perform spectral slicing and not phase encoding precludes this͒. For our system CFD becomes problematic only if it significantly spreads the spectral slices in time so that the decoder CMG cannot recover them all into the same time slot. Typical local area networks are less than 2 km in length. As an example, a dispersion of 17 ps͑͞nm ⅐ km͒ for standard fiber results in a time spread of 340 ps after propagation for a 10-nm-wide signal. If the duration of the time slots is longer than 340 ps, then the wavelengths of a properly decoded signal will still be recovered into the same time slot. Thus the use of longer CMG's can give longer time slots so that the system is more tolerant to the effects of CFD. Of course, requiring a time slot to accommodate the effects of CFD will place a limit on the individual user bit rate, since for a fixed code length N ͑corresponding to N time slots͒ increasing their duration decreases the user bit rate. For an individual bit rate at the OC-3 standard, using a time slot of 400 ps to account for CFD would give a code length N ϭ 16. This system supports approximately 20 users for an aggregate data rate of Ͼ3 Gbit͞s. Finally, we can minimize the effects of CFD by either using dispersion-shifted fiber or operating near the zero-dispersion wavelength ϭ 1300 nm.
C. Time Gating
Time gating is used to select the time slot within the bit window when the detector samples the decoded signal. It is not a necessary requirement, since we can always integrate the detected optical power over the entire bit window. However, as multiuser interference increases, primarily outside the desired time slot, incorporating a time gate within the detection unit significantly increases the performance of the system, especially if a fixed threshold detector is used. This improvement results from isolating the time slot in which all the energy of the properly decoded signal resides so that the only multiuser interference arises from the nonideal or nonrectangular spectral characteristics of the CMG encodersdecoders ͑see Fig. 4͒ .
Time gating can be performed electronically. With currently available technology this requires the duration of the time slot to be Ϸ500 ps long. Given that the time slot needs to be at least 340 ps long to accommodate CFD for a 10-nm-wide signal in a 2-km link over standard fiber, the use of electronic time gating does not significantly change the individual user bit rates nor the overall system capacity.
D. Other Factors
Although in our discussions we assumed that the N reflection stop bands span the entire BW of the input pulse, ͓ min , max ͔ ϭ ͓ min pulse , max pulse ͔, we can easily extend our analysis to the case in which the pulse BW is larger than the CMG spectral response, ͓ min , max ͔ ʚ ͓ min pulse , max pulse ͔. In this case the number of wavelengths to be used for wavelength encoding is limited only by the pulse BW. Furthermore, a larger number of codes can be obtained for the same values of N and w-not only can we define more original m codes; we also have a larger wavelength range in which to wavelength shift them ͑in this case the maximum number of original codes m N͞w͒. However, the amount of CFD depends on the BW of the broadband source and͞or the CMG's. Although a broader BW potentially allows for more codes to be defined, it comes at the expense of additional CFD.
We also considered only a linear detection system. An alternative detection scheme, which may be more useful especially for asynchronous transmission or coherent systems, is one in which a nonlinear optical detector is used that distinguishes signals based on peak intensity and͞or duration rather than on average energy. 21 
Summary
In summary, we have proposed an OCDMA system that uses CMG's for encoding and decoding. The use of CMG's is a special case of using optical filters ͑in-cluding in-fiber Bragg gratings͒ as a means of implementing wavelength-encoding OCDMA. They also provide an additional degree of freedom by allowing for simultaneous encoding in the time domain, which is a significant advantage for encoding. We have presented the designs of one-coincidence codes that take into account the linear wavelength-time relationship of the CMG's that are used for encoding and decoding. Although the linear wavelength-time relationship of the CMG's places restrictions on code design ͑the two-dimensional nature of encoding in both wavelength and time domains is not fully exploited͒, the maximum number of available codes and their performance are comparable with previously proposed ones ͑of the same length͒. More importantly, the fabrication of specially designed CMG's is reasonably straightforward, and our implementation is simple, requiring only passive components for performing all the encoding and decoding operations in fiber.
